The ratio of properly filtered multiplicity to energy fluctuations is shown to be sensitive to the equation of state of strongly interacting matter. Within a statistical approach to the early stage of nucleus-nucleus collisions, the ratio manifests a non-monotonic collision energy dependence with a maximum in the domain where the onset of deconfinement occurs.
1. The recently measured energy dependence of pion and kaon production in central collisions of heavy nuclei (A+A) [1] suggest [2, 3] that a transient state of deconfined matter is created at the collision energies higher than about 40 A·GeV in fixed target experiments.
This suggestion is reached within the Statistical Model of the Early Stage, SMES [2] , which assumes creation of the matter at early stage of the collision according to the maximum entropy principle. Depending on the collision energy, the initially produced matter is in confined, mixed or deconfined phase.
2. In this letter we discuss predictions of the SMES [2] concerning the event-by-event fluctuations of multiplicity and of energy of particles produced in A+A collisions. We show that a non-monotonic energy dependence of the ratio of the properly filtered fluctuations is expected in the region where the deconfinement phase transition occurs.
3. In thermodynamics, the energy E and entropy S are related to each other through the equation of state, EoS. Thus, various values of the energy of the initial equilibrium state lead to different, but uniquely determined, initial entropies 1 . When the collision energy is fixed, the energy, which is used to hadron production still fluctuates. Consequently, simultaneous event-by-event measurements of both the entropy and energy yield an information on the EoS. Since EoS shows an anomalous behaviour in the phase transition region the anomaly should be visible in the ratio of entropy to energy fluctuations.
4.
The energy and entropy can be defined in any form of matter, confined, mixed and deconfined, in the collision early stage and in the final state system. Providing the produced matter can be treated as an isolated system, the energy is conserved. The entropy is also expected to be conserved during the system's expansion and freeze-out. However, there is a significant difference between the two quantities. While the energy is defined for every 1 In general for a fixed energy of the system its entropy fluctuates around a maximum (i.e. equilibrium) value. However, when the system is large as in the central collisions of heavy nuclei, the relative thermodynamical fluctuations of the total entropy are small and can be neglected.
event the entropy refers to an ensemble of events.
5.
Since we are going to discuss the collision energy dependence of the fluctuations within the SMES [2] , let us present its basic assumptions. The volume, V , where the matter in confined, mixed or deconfined state is produced at the collision early stage, is given by the We denote by δE the event-by-event deviations of the energy from its average value E and assume that δE ≪ E. As E = ε · V , where ε is the energy density, we have:
i.e. the change of the system's energy is due to the changes of the system's energy density and volume which are considered further as two independent thermodynamical variables.
The energy density is usually a unique function of the temperature, T , but when the system experiences a first order phase transition, ε in the mixed phase depends on the relative abundance of each phase.
7. According to the first and the second principles of thermodynamics, the entropy change δS is given as T δS = δE + pδV , which combined with Eq. (1) provides
where p is the pressure. Using the identity T S = E + pV one finds
8. When δε = 0, i.e. when the fluctuations of the initial energy and entropy are entirely due to the volume fluctuations at a constant energy density, Eqs. (1,2) provide:
Thus, the relative dynamical fluctuations of entropy are exactly equal to those of energy and they are insensitive to the form of EoS. The δε = 0 limit may serve as an approximation for the all inelastic A+A collisions where fluctuations of the collision geometry dominate all other fluctuations. This case, however, is not interesting from our point of view.
9. When δV = 0 the fluctuations of the initial energy, δE, are entirely due to the energy density fluctuations. In this case Eqs. (1,2) give:
As seen, δS/S is now sensitive, via the factor (1 + p/ε) −1 , to the EoS at the early stage of A+A collision. We are interested just in such a situation.
10. The number of wounded nucleons can, in principle, be measured on the event-by-event basis. This can be achieved by measuring the number of spectator nucleons, N S , in the Zero Degree Calorimeter which yields N W ≈ 2(A − N S ). Selecting the most central events, we can neglect contribution from the impact parameter variation. Since the system's volume, as defined in SMES, is then fixed the entropy fluctuations are given by Eq. (4).
11. It appears convenient to introduce the ratio of relative fluctuations
Let us start with a discussion of the qualitative behaviour of R F . The ratio p/ε is about 1/3 in both the confined phase and in the hot quark-gluon plasma (QGP). Then, R F ≈ (3/4) 2 and it is rather independent of the collision energy except the domain where the initially created matter experience the deconfinement phase transition. An exact nature of the transition is unknown. In modelling of the transition by means of the lattice QCD [5] a very rapid change of the p/ε ratio takes place in a narrow temperature interval ∆T ∼ = 5 MeV, where the energy density grows by about an order of magnitude whereas the pressure remains nearly unchanged. One refers to this temperature interval as a 'generalised mixed phase'.
The ratio p/ε reaches minimum at the so-called softest point of the EoS [6] . Then, there is a maximum of R F ≈ 1. Thus, we expect a non-monotonic behaviour of the ratio R F as a function of the collision energy.
12. The energy dependence of the fluctuation ratio R F calculated within SMES [2] (using its standard values of all parameters) is shown in Fig. 1 . We repeat here that the model correctly reproduces the energy dependence of pion and strangeness production and it relates experimentally observed anomalies to the onset of deconfinement. Within the model, the confined matter, which is modelled as an ideal gas, is created at the collision early stage below the energy of 30 A·GeV. In this domain, the ratio R F is approximately independent of collision energy and equals about 0.6. The model assumes that the deconfinement phasetransition is of the first order. Thus, there is the mixed phase region, corresponding to the energy interval 35÷60 A·GeV, where R F ratio increases and reaches its maximum, R F ≈ 0.8, at the end of the transition domain. Further on, in the pure QGP phase, which is represented by an ideal quark-gluon gas under bag pressure, the ratio decreases and R F approaches its asymptotic value 0.56 at the highest SPS energy 160A·GeV. Small deviations from p = ε/3 are in SMES due to non-zero masses of strange degrees of freedom, both in confined and deconfined phases, and due to the bag pressure in QGP. The two effects can be safely neglected at T ≫ T c .
13. The early stage energy and entropy are not directly measurable. Even the ideal experiment provides only momenta and energies of final state particles. Thus, the question arises whether the early stage fluctuations can be reconstructed from the experimentally accessible information. In the remaining part of the paper, we argue that this is possible.
14. At the stage of particle freeze-out, the system's entropy is related to the mean particle multiplicity. For example, in the case of ideal gas of massless bosons we have N = S/3.6. In general, the relation is more complex but we assume that the final state mean multiplicity is proportional to the initial state entropy, i.e. N ∼ S. With the over-bar we denote averaging over events that have identical initial conditions. Such events experience statistical but not dynamical fluctuations. We note that particle multiplicity can be determined for every event, in contrast to the entropy which is defined by averaging of hadron multiplicities in the ensemble of events. Since N ∼ S, we get
Thus, the dynamical entropy fluctuations are equal to the dynamical fluctuations of the mean multiplicity. It is crucial to distinguish the dynamical fluctuations of N from the statistical fluctuations of N around N. We clarify this point below.
15. We have considered above the ideal detector which measures all produced particles. A real detector, however, measures only a fraction of them, say charged particles in the limited momentum acceptance of the detector. Let us denote the mean energy and multiplicity of the accepted particles as E A and N A . We assume that
i.e. relative dynamical fluctuations of the mean energy and mean multiplicity of accepted particles are equal to the relative dynamical fluctuations of the total energy and entropy in the initial state.
16.
The multiplicity N A , as well as the energy E A , measured on event-by-event basis fluctuate not only due to the dynamical fluctuations at a collision early stage but due to the statistical fluctuations at freeze-out as well. Thus, the final multiplicity distribution, P(N A ), becomes:
where W (N A ) describes fluctuations of N A due to dynamical fluctuations of E and
is the probability distribution of N A for a given N A . The finally measured mean value of an observable f (N A ) results from averaging with the W and P distributions as
Thus, the complete averaging, · · · , is done in two steps: first -the statistical, · · ·, and second -the dynamical averaging, · · · , one after another. One easily shows that
where 
= N 18. We have assumed that only dynamical fluctuations generated at the collision early stage lead to the particle correlations in the final state. Of course, it is not quite true.
The effects of quantum statistics also lead to the inter-particle correlations. However, the correlation range in the momentum space is in this case rather small, ∆p ≈ 100 MeV/c.
The contribution of these effects can be accounted in (δN A ) 2 if the selected acceptance regions are separated by the distance significantly larger than ∆p.
19. Unfortunately, there are also long range correlations which have nothing to do with the early stage dynamical correlations and cannot be accounted in (δN A ) 2 by the procedure described above. In particular, there are correlations due to conservation laws. Those can be effectively eliminated if one studies only a small part of a whole system which is constrained by the conservation laws. . The non-monotonic behaviour, the "shark fin" structure, is caused by the large fluctuations expected in the vicinity of the mixed phase region.
